The persistence of cold-adapted species along their equatorial range edge (i.e., southern range edge for species in the Northern Hemisphere and northern range edge for species in the Southern Hemisphere) is threatened by climate change. These species will be challenged not just by unfavorable climatic regimes, but also by changing biotic interactions, which may be more intense along equatorial edges. However, we currently have a poor understanding of the nature of biotic interactions at range edges and how climate may mediate those interactions, particularly for cold-adapted mammals. We studied the distribution of threatened Canada lynx (Lynx canadensis) at their southern range edge in northern Washington, United States from 2014 to 2016. Using data collected from 397 camera-trap stations in snow-on and snow-off seasons, and single-and 2-species occupancy models, we investigated seasonal patterns of habitat selection and spatial association of lynx with their primary prey (snowshoe hares, Lepus americanus) and potential competitors (bobcats, Lynx rufus; cougars, Puma concolor). Single-species occupancy models revealed lynx distribution was strongly associated with snowshoe hare abundance and topographic variables related to lower temperatures and increased moisture. In contrast, bobcats and cougars were more generalized in their habitat associations or displayed the reverse response to environmental variables. Spatial overlap of the 3 felid species increased during snow-off seasons. Two-species occupancy models showed a decrease in use of camera sites by lynx when bobcats were present, suggesting lynx were avoiding their warm-adapted competitor. Taken together, these results suggest that biotic interactions are partly shaping large-scale lynx distribution patterns along their southern range edge. Increasing temperatures and loss of snow may result in a combination of habitat isolation and potential for increased competitive interactions for lynx at the margins of their range.
Species declines, local extinctions, and range shifts are occurring as a result of climate change and may accelerate over the coming decades (Chen et al. 2011; Zhang et al. 2013) . Despite climate change being one of the key conservation challenges of the next century, our ability to predict species' responses to changing climates remains inadequate (Araújo et al. 2005) . This knowledge gap is particularly important for montane or cold-adapted species, which may be some of the most vulnerable to climate change and most in need of informed conservation strategies (Sekercioglu et al. 2008; La Sorte and Jetz 2010) .
A multitude of factors may affect how a species will respond to climate change (HilleRisLambers et al. 2013 ); however, current climate-based niche models that have formed the basis for range-shift forecasts and conservation policy guidelines focus primarily on how temperature and precipitation affect species distributions (Franklin 2010; Early and Sax 2011; Schwartz 2012) . Although these models provide a useful starting point to understanding how climate change will influence species, they ignore a potentially key factor impacting the nature of the response of species to climate change: their interactions with other species. In fact, changing biotic interactions may be more important in determining response to climate change than the effect of altered temperature and precipitation (Schwartz 2012; Urban et al. 2012; Cahill et al. 2013; Milazzo et al. 2013 ). Accordingly, recent calls have been made for improving our understanding of how biotic interactions change along climatic gradients and shape range dynamics and large-scale distribution patterns (HilleRisLambers et al. 2013; Alexander et al. 2016) . Although experimental studies may ultimately be needed to address this objective (Alexander et al. 2016) , observational field studies of species interactions along climatic gradients at the boundary of ranges can provide insight into how interactions shape use of habitat at range limits. Such empirical work remains rare but may be particularly important at the equatorial range edge of species (i.e., southern range edge for species in the Northern Hemisphere and northern range edge for species in the Southern Hemisphere), where biotic interactions may be most intense (MacArthur 1972) .
Canada lynx (Lynx canadensis, hereafter "lynx") are a coldadapted mammal whose southern (equatorial) range just enters the northern regions of the United States. Due to their restricted range within United States borders, lynx in the United States are federally listed as threatened under the Endangered Species Act and southern populations are at greater risk of extirpation than their northern counterparts. Climate change is expected to negatively impact lynx and simple niche models predict spatially variable contractions in the southern range limit for lynx as the climate warms (Peers et al. 2014) . However, several biotic interactions may be important for lynx persistence along the southern edge of their range that may alter response to changing climatic conditions. Lynx are generally dependent on snowshoe hares (Lepus americanus) as prey, with morphological adaptations for pursuit of this prey in deep snow (Murray and Boutin 1991; Squires and Ruggiero 2007) . Although other prey may be utilized along the southern edge of the lynx's range (Ruggiero et al. 1999; Roth et al. 2007; Ivan and Shenk 2016) , snowshoe hares may remain an important prey item. If that is the case, the distribution of snowshoe hares could influence large-scale range shifts of lynx in response to climate change (Peers et al. 2014 ). In addition, several potential competitors may influence lynx distribution in marginal, range-edge environments. Bobcats (Lynx rufus) are closely related to lynx and similar in size, but lack adaptations for movement through deep snow. Bobcats appear to be expanding northward (Lavoie et al. 2009 ). Past modeling work and anecdotal evidence suggest the potential for competitive interactions between lynx and bobcats (Parker et al. 1983; Peers et al. 2013) . Cougars (Puma concolor) also compete with lynx through interference competition, but such competition may be less intense during winter when deep snow limits cougar movement (Ruggiero et al. 1999) . Interactions between these 3 felid species remain poorly understood and, in particular, how these interactions may be mediated by environmental and seasonal variation.
Lynx, cougars, and bobcats are sympatric in only a few locations in North America, which are located at the southwestern edge of the geographic range of lynx. Within one of these unique locations in northern Washington state, we utilized a large-scale camera-trap array, and single-species and conditional 2-species occupancy models, to assess broad-scale habitat associations of these 3 species, seasonal differences (snow-on versus snow-off) in spatial and temporal overlap, and evidence for negative interactions between lynx and their potential competitors.
We tested several predictions related to how biotic interactions influence lynx distribution patterns. Due to the general dependence of lynx on snowshoe hares as a prey item, we predicted that broad-scale lynx occupancy patterns will be influenced by the distribution of snowshoe hares. Given that bobcats and cougars are potential competitors with Canada lynx, we predicted that, in areas of overlap, there will be evidence of spatial or temporal avoidance of bobcats and cougars by lynx. Lastly, due to the morphological advantages of lynx in deep snow, we predicted that the distributional overlap between lynx and their potential competitors (bobcats and cougars) will be greatest in snow-off seasons.
Materials and Methods
Study area.-We conducted the study within a 551-km 2 landscape located in Loomis State Forest, north-central Washington, United States (Fig. 1) . Loomis State Forest is managed by the Washington Department of Natural Resources and contains one of the last remaining lynx populations in Washington, where lynx are listed as State Endangered. Elevation in the study area ranged from 330 to 2,520 m (average = 1,266 m). The area had hot dry summers, with less than one-half of the precipitation falling as rain, and cold winters, where the majority of annual precipitation was snow. The average annual precipitation was < 50 cm and the temperature ranged from −23°C to 31°C (NOAA 2018). As a managed forest, the study area was impacted by extractive forestry, cattle grazing (in summer and fall), and recreational activities.
Data collection.-We collected data using remote infraredsensing cameras between July 2014 and August 2016 following the guidelines of the American Society of Mammalogists (Sikes et al. 2016) and Washington State University IACUC protocol No. 04748-002. Within our study site, we used a random point generator in ArcMap 10.4.1 (ESRI 2016) to choose locations for camera placement with the criteria that the cameras would be > 500 m apart and placed along roads and trails (Fig. 1) . A few areas of Loomis State Forest were devoid of roads or trails and were omitted from camera placement. We placed cameras on the tree or other vertical structure (e.g., fence post) nearest to the randomly selected point, provided that the tree was set back > 3 m from the road and had a clear view of the road or trail. We used placement of cameras along roads and trails to increase detection probability for the 3 carnivores, given much greater detection probabilities for on versus off roads and trails (Harmsen et al. 2010; Kays et al. 2017 ). We placed cameras in both snow-off (May-October) and snow-on (December-April) seasons. Only a single camera was placed at each site. We did not place an attractant or lure of any kind in front of the camera, due to concerns that this might create differential positive or negative responses by the study species and heterogeneity in detection as the lure decayed.
We created detection matrices (1 = detected, 0 = not detected) for each species (lynx, bobcat, cougar, snowshoe hare), for each camera, per 5-day sampling intervals within a camera deployment. As cameras were > 500 m apart, often located on distinct trail systems, and detections were combined into 5-day intervals, detections at neighboring cameras, even when of the same animals, were considered to be independent observations of how each species used and co-occurred within the large study area. Because photos were time stamped, we also extracted information about time of day from the images for use in activity modeling.
Occupancy and detection covariates.-We calculated several covariates that we hypothesized would influence occupancy or detection in the immediate vicinity of each camera site (including a 50-m buffer around the camera location). Covariates for detection included trail type (primary roads that were heavily used by vehicles versus secondary roads and hiking trails that had lower vehicle use) and season (snow-off versus snow-on). Season was included as a detection covariate due to the possible differential use of trails during seasons with low versus high vegetative cover on the landscape. For occupancy covariates, we selected a small number of variables that were known or suspected to influence lynx distribution based on previous studies, and that also likely related strongly to occupancy of bobcats and cougars. We purposely limited the number of variables to reduce correlations between predictors and decrease the number of parameters to be estimated in the single-and 2-species occupancy models. At each camera site (with a 50-m buffer), we calculated average values of several variables reflecting the abiotic environment ("abiotic" model). These included elevation, slope, and aspect from the National Map Viewer (National Map 2015). Elevation and aspect relate strongly to temperature and snow accumulation and retention as well as overstory association on the landscape (Romano and Palladino 2002) . Increasing elevation as well as north-facing slopes (particularly in snow-off seasons) have been found to correlate with increasing use by lynx (Koehler 1990) . Slope (the ratio of elevation change to horizontal distance) relates to ease of mobility across a landscape, moisture retention, and overstory association; less steep slopes have been found to be an important covariate of lynx use (Koehler et al. 2007 ). Climatic and topographic conditions reflected in these abiotic variables also likely exert strong effects on bobcat and cougar occupancy (Koehler and Hornocker 1991; Ruggiero et al. 1999; Dickson and Beier 2007; Peers et al. 2014) .
We also calculated 2 variables related to the vegetative characteristics of the environment ("vegetation" model), including canopy cover from LANDFIRE datasets (LANDFIRE 2012) and the normalized difference vegetation index (NDVI) from the National Agriculture Imagery Program. Increasing canopy cover gives lynx and their prey safety while moving, resting, and hunting or foraging and lynx have been found to select habitats with increasing canopy cover (Squires et al. 2013) . The NDVI gives a measure of live green vegetation and its condition. The greater the amount of healthy, productive vegetation (high NDVI values), the more browse and cover available, even in areas of low canopy cover. The NDVI has been found to be a positive indicator of use by lynx (Carroll et al. 2001) . Bobcats and cougars also have been associated with heavier cover (Koehler and Hornocker 1991; Holmes and Laundré 2006; Tucker et al. 2008; Thornton and Pekins 2015) . Finally, we calculated the ratio of snowshoe hare detections (no more than 1 per hour per camera) to camera-trapping days to get a variable reflecting the availability of hares at each camera station ("hare" model). Although we expected this final model to be a primary influence on lynx distribution, we kept it as a model for the other 2 species for comparison with lynx. We did not attempt to model occupancy of snowshoe hares, but rather used the rate of detections of hares as an index of prey abundance at camera sites, which is a common approach (e.g., Kays et al. 2017; Rich et al. 2017 ). All continuous covariates were standardized prior to analysis. We found no evidence of correlation among the predictors used in the analysis (all correlation coefficients were < |0.35|; Table 1) .
Single-species occupancy models.-Occupancy models are the preferred approach for dealing with large-scale data on species presence and absence, because they can account for the fact that species will not be detected 100% of the time in sites where they are present (MacKenzie et al. 2002) . Through repeated surveys of a site (i.e., 5-day intervals in our study), detection histories can be used to estimate probability of occupancy (ψ) and detection (p). Lynx in our study may have had more than 1 camera trap within their home range, and thus moved between those sites during sampling. Therefore, the occupancy probabilities estimated in our study are related to the local probability of use of a camera location (MacKenzie 2006) , and should be interpreted as estimates of "use" instead of traditional "occupancy." We analyzed data for the 2 seasons together using what MacKenzie et al. (2006) referred to as the implicit dynamics approach. We combined data from snow-off and snow-on seasons into one dataset, and created a final covariate indicating the status of the season (snow-off versus snow-on) prior to analysis. Given that snow may be an important factor in niche separation of these species, combining data allowed us to determine whether occupancy and the relationships between occupancy and habitat covariates changed between seasons when snow was present on the landscape versus absent, by including the interaction between season and habitat covariates in all models (see below).
We built occupancy models in a sequential manner. We first determined the parameters that best predicted detection in single-species models, holding occupancy constant. We tested several different detection models, where we included neither, one, or both detection covariates. We used the model that had the lowest value of the Akaike Information Criterion corrected for small sample size (AICc- Burnham and Anderson 2002) to determine which detection covariates to include in subsequent steps. Using the parameters that best predicted detection, we then fit a series of single-species occupancy models for each species to determine the covariates that best predicted occupancy. We tested abiotic, vegetative, and hare models singly and in combination (Table 2) . We compared models using AICc and selected the model with the lowest AICc as the most parsimonious model. Model goodness-of-fit was calculated on global models using the MacKenzie-Bailey goodness-of-fit test implemented in program PRESENCE 10.1 (Hines 2006) . Two-species occupancy models.-As a last step in the model-building process, we fit conditional 2-species occupancy models (Richmond et al. 2010 ) for pairs of potential competitors with lynx: lynx-bobcat and lynx-cougar. Conditional 2-species occupancy models are a recently developed extension of occupancy models that allow for the assessment of positive or negative interactions between species by allowing the probability of occupancy or detection of a subordinate competitor to be dependent on occupancy or detection of a dominant competitor at that site (Richmond et al. 2010; Robinson et al. 2014) . For our analysis, we designated lynx as the subordinate competitor, based on previous anecdotal evidence of species interactions (Parker et al. 1983; Squires and Laurion 2000; Murray et al. 2008) , recent modeling work (Peers et al. 2013) , and differential patterns in recent range shifts (McKelvey et al. 2000a; Lavoie et al. 2009; Koen et al. 2014) . Two-species occupancy models allow for the inclusion of habitat covariates of importance to each species for occupancy and detection. By including habitat covariates in the models, we decrease the likelihood that avoidance of the dominant species is confused with differential habitat selection (as habitat relationships independent of competition can influence co-occurrence). Our analyses are, therefore, a conservative test of interactions between the species pairs, as habitat associations may themselves result because of competitive exclusion in suboptimal habitats. We included the habitat covariates that appeared in best single-species models for each species in the 2-species models. We used a model selection approach to determine if lynx occupancy or detection were influenced by the dominant species. We ran 6 different models: 1) "Dependent," where both occupancy and detection of lynx are dependent on the occupancy and detection of the dominant species; 2) "Occupancy-Independent," where lynx occupancy is independent of the dominant species; 3) "DetectionIndependent," where detection of lynx is independent of the dominant species; 4) "Detection-in-Interval-Independent," where occupancy and detection of lynx is dependent on occupancy and detection of the dominant species, but independent of recent detection; 5) "Occupancy-Detection-in-IntervalIndependent," where occupancy and detection of lynx within a sampling interval is independent of the dominant species; and 6) "Independent," where detection and occupancy of lynx are independent of the dominant species.
All models were initially fit by allowing the effect of the competitor to vary between seasons, and holding that effect constant. However, the models where the competitor effect was allowed to vary between seasons were not competitive and are thus not considered further. Two-species models were compared using AIC to see which model best predicted occupancy and detection of lynx. All 2-species occupancy models were fit in program PRESENCE 10.1 (Hines 2006) .
Daily activity patterns.-We used the package "overlap" (Meredith and Ridout 2016) to estimate the activity patterns and temporal overlap of lynx, bobcats, and cougars during snow-on and snow-off seasons. To confirm that we had enough detections to sufficiently represent the activity patterns of the species of interest, we used hourly accumulation curves from the package "vegan" (Oksanen et al. 2016) , which indicated sufficient activity data for the analysis for all species in both seasons (Supplementary Data SD1) .
Seasonal spatial overlap.-We calculated the amount of seasonal spatial overlap between lynx, bobcats, and cougars in several ways: 1) we determined the number of cameras that were jointly occupied by each species in each season; 2) we derived a minimum convex polygon around occupied camera stations and overlapped those polygons for lynx-bobcat and lynx-cougar in each season; and 3) we derived a kernel density surface in ArcMAP 10.4.1 (ESRI 2016) for each species, with number of detections as the Z axis, and overlapped the density surfaces for each species pair in each season. We made this latter comparison because the number of detections at a site has been related to increased intensity of use of a location (Rowcliffe et al. 2008) . Overlap of the minimum convex polygons was measured in area and overlap of the kernel density surface was measured in volume. We note that because we were not adjusting for detection in these analyses, but simply used presence locations to derive our overlap estimates, our results for spatial overlap should be viewed with some caution. However, overall detection rates at cameras stations were quite high for each species (see below), and therefore should not have resulted in a substantial bias in our estimates of overlap. and 192 camera stations during the snow-off season (10,940 camera-trapping days). We report effects from occupancy models in terms of odds ratios, where odds of success = probability of success (e.g., occupancy) / probability of failure (e.g., absence), and odds ratio = odds of success at one level of a covariate compared to another level of a covariate, where 1 indicates equal odds of success at both levels. Best detection covariates were season for lynx and trail and season for bobcats and cougars (Supplementary Data SD2). All 3 species had lower probabilities of detection in snow-on seasons, where the odds of detection in snow-on seasons decreased by a factor of 0.65, 0.39, and 0.37 at the cameras for lynx, bobcats, and cougars, respectively. Bobcats and cougars were less likely to be detected at cameras located on secondary versus primary trails (odds of detection on secondary trails decreased by a factor of 0.51 and 0.50 compared to primary trails for bobcat and cougars, respectively). Overall detection probabilities were fairly high for all 3 species, demonstrating the efficacy of our sampling method (the probability of detecting a lynx, bobcat, or cougar in a 90-day period, given its presence in the sampling area of the camera, was 0.87, 0.82, and 0.80, respectively) Best occupancy models for lynx included abiotic and hare covariates whereas best occupancy models for bobcats and cougars included only abiotic covariates (Table 2 ). Based on large parameter estimates relative to SEs, and in accordance with our 1st prediction, use by lynx was highly associated with availability of hares (Table 3; Fig. 2 ). Elevation also was highly influential (Table 3) , with odds of use increasing by a factor of 2.44 and 2.71 for a 1 SD increase in elevation in snow-off and snow-on seasons, respectively. There also was a substantial interaction between hares and season, and south-facing slopes and season, with the hare detection ratio and south-facing slopes exerting a more positive effect on use in snow-on seasons (Table 3) . In comparison to lynx, use of camera sites by bobcats was not associated with the hare detection ratio, and responses to abiotic variables were largely opposite to those of lynx ( Fig. 3; Table 3 ). For cougars, use of camera sites was influenced strongly by an interaction with elevation and season, with elevation exerting a positive influence on use in snow-off, and a slight negative effect in snow-on seasons (Fig. 3) .
Two-species occupancy models.-The top-ranked 2-species model for lynx-bobcat was a model in which use of a camera site by lynx depended on whether a bobcat also was present at that site, but detection of lynx was unaffected by presence or detection of bobcats (Table 4 ). In accordance with our 2nd prediction, parameter estimates of this model indicated that lynx were negatively influenced by the presence of bobcats at a camera station, where odds of use increased by a factor of 2.71 when bobcats were not present, although there was substantial variability in this effect (95% CI of the odds ratio just included 1.00; 0.99-7.46). However, contrary to expectations, avoidance was not more pronounced in snow-off versus snow-on seasons, as models that allowed the effect of bobcat to vary per season were not competitive. We reran the lynx-bobcat model without the habitat covariates and found a strong negative association between lynx and bobcats. By including the habitat covariates, we are performing a more conservative test of interactions, as our habitat associations explain some of the segregation observed in the species distribution. Best models for lynx-cougars indicated that presence and detection of lynx was independent of presence and detection of cougars (Table 4) .
Daily activity patterns.-Lynx had a mainly nocturnal activity pattern during the snow-off seasons and a constant activity throughout the day and night in the snow-on seasons (Supplementary Data SD3). Bobcats and cougars had very similar nocturnal activity patterns to lynx but both displayed more activity throughout the day in snow-on seasons with less midday activity than lynx (Supplementary Data SD3). Estimates of activity overlap between lynx and bobcats changed insignificantly between seasons (overlap = 0.81; 95% CI = 0.63-0.84 during snow-on and 0.86; 95% CI = 0.76-0.93 for snow-off). Overlap between lynx and cougars remained constant at 0.78 for both seasons.
Seasonal spatial overlap.-Obvious patterns of spatial segregation of the 3 species in both seasons are apparent from the detection data (Fig. 4) . In accordance with our 3rd prediction, spatial overlap of lynx and other felids increased during snow-off seasons. The number of cameras with dual occupancy Table 3 .-Occupancy and detection parameter estimates from the best single-season occupancy models for Canada lynx (Lynx canadensis), bobcats (Lynx rufus), and cougars (Puma concolor) at the southern edge of the range of lynx in Washington, United States. Continuous variables are on a standardized scale, and thus parameter estimates indicate the influence on the log odds of occupancy for a 1 SD increase in that variable. SE for each estimate is shown in parentheses. Note that all models were tested with an interaction term included between snow and the other variables in the model, to allow the influence of habitat variables to change between snow-on and snow-off seasons. Description of occupancy variables is given in main text. Asp (S) = south-facing aspect; S: = snow-on interaction with covariate; S (det) = snow-on as a detection covariate; trail (det) = secondary trail as a detection covariate. of lynx-bobcat and lynx-cougar increased from snow-on to snow-off seasons from 8 to 10 and 9 to 14, respectively. Area of overlap of minimum convex polygons also increased in snowoff seasons for lynx-bobcat and lynx-cougar comparisons (increase in overlap of 91 and 56 km 2 , respectively) and kernel density overlap increased by 63.9% and 93.1% from snow-on to snow-off seasons for lynx-bobcat and lynx-cougar.
discussion
Our analysis demonstrates that habitat use patterns of lynx at the southern edge of their range are driven in part by biotic interactions. Lynx responded strongly to prey availability even after accounting for other potential habitat and topographic covariates. Moreover, the negative influence of bobcats on use of camera sites by lynx also suggested that competitive interactions with more warm-adapted competitors may play a role in shaping lynx distribution on this landscape. While this influence appeared to be variable, there was a large decrease in probability of use of camera sites by lynx when bobcats were present. Because overlap of bobcat and lynx increased in snowoff seasons, these results indicated the potential impact of changing climatic conditions on the intensity of biotic interactions on this landscape. However, given the high variability in the effect of bobcat on lynx and the correlative nature of our analysis, evidence for or against the role of species interactions in our system would be strengthened by examining interactions at larger scales (e.g., at the level of the home range occupancy) where the effect of biotic interactions may be less intense or discernable (Araújo and Rozenfeld 2014) , in more detail through telemetry, or taking advantage of natural experiments such as range expansions or reintroductions that would provide stronger causal inference (Alexander et al. 2016) . Additional studies in other systems with different environmental characteristics (e.g., less topographic variability) also are needed to investigate the generality of the lynx-bobcat interactions that we documented. At the landscape scale over which we are working, however, our approach provided an excellent starting point for exploring how distribution patterns may be influenced by competitors in range-edge environments, and our results added to the small but growing literature regarding the importance of biotic interaction in shaping distribution patterns and potentially range limits (Urban et al. 2012; Wisz et al. 2013) , which may be especially prevalent at the equatorial edge of a species' range (MacArthur 1972; Normand et al. 2009; Schemske et al. 2009 ).
Limited evidence suggests that resource-consumer interactions may influence range shifts or broad-scale distribution patterns, and such interactions may be most important for dietary specialists that could be most at risk of spatial mismatch with key resources (Schweiger et al. 2008; Hof et al. 2012; Peers et al. 2014) . Our work supported this idea, as the availability of snowshoe hares was positively associated with use of the cameras sites by lynx, and that association was stronger in snow-on seasons. Dependence of lynx on snowshoe hares, as well as their responses to declines in hares, is well documented (e.g., Koehler 1990; O'Donoghue et al. 1997 ). Even at the southern edge of their range, where densities of snowshoe hares are comparatively low (Wirsing et al. 2002) and lynx diet may be more diverse (Ruggiero et al. 1999; Roth et al. 2007; Ivan and Shenk 2016) , hares can exert a strong influence on landscape-level distribution patterns (Vashon 2007; Fuller and Harrison 2010 ; this study). The increased influence of hares on lynx in the winter may be a function of lesser availability of alternative prey or fewer intraguild competitors. Given that lynx have a predation advantage in deep snow (Murray and Boutin 1991) , if snow-on seasons are reduced in length or intensity due to climate change, the ability of lynx to specialize on snowshoe hares may be jeopardized, or exploitative competition with other carnivores may be more likely. Bobcats and cougars were not strongly associated with snowshoe hares on this landscape, therefore the potential for competition for food between felids may be diminished. However, the degree to which exploitative competition influence lynx remains a knowledge gap along their southern range edge (Murray et al. 2008) . Furthermore, snowshoe hare populations along the southern margin may decline or shift northward as the climate warms and snow cover decreases (Diefenbach et al. 2016; Sultaire et al. 2016; Burt et al. 2017) , affecting the southern distribution of lynx even in the absence of increased competition for food.
Evidence of negative interactions between lynx and bobcats supports research showing that bobcats may be displacing lynx, Fig. 2. -Influence of hare detection ratio on probability of use by Canada lynx (Lynx canadensis) in both snow-on and snow-off seasons obtained from the top-ranked single-species occupancy model. Dotted lines represent 95% CIs on the effect. Hares are influential on probability of use of camera sites by lynx in both seasons, but with a more marked effect in snow-on seasons, perhaps because fewer alternative prey are available in winter. Table 4 .-Model comparison table for 2-species occupancy models for Canada lynx (Lynx canadensis) and bobcats (Lynx rufus) or cougars (Puma concolor) at the southern edge of the range of lynx in Washington, United States. In both comparisons, lynx are designated as the subordinate competitor and either bobcats or cougars as the dominant competitor. Several cougar models did not converge and were discarded. We, therefore, present a reduced model set for cougars. The best model for Canada lynx and bobcats indicated that lynx occupancy, but not detection, was affected by presence of bobcats at a camera site, whereas the best model for Canada lynx and cougars indicated that neither occupancy nor detection of lynx was affected by presence of cougars at a camera site. AICc = Akaike Information Criterion corrected for small sample size. or altering their niche, in areas of overlap (Parker et al. 1983; Peers et al. 2013) . Lynx and bobcats are virtually the same size on this landscape, and bobcat densities appear to be quite high in our study area (A. E. Scully, pers. obs.), which could be a factor in lynx avoidance of bobcats. Although spatial overlap of these 2 species increased in snow-off seasons, there was limited overlap during winter as well, which may have been facilitated by presence of roads or snowmobile trails that allowed access to deep-snow sites for the more warm-adapted bobcats (as has been found for coyotes, Canis latrans- Bunnell et al. 2006; Dowd et al. 2014) . A failure to find any negative effect of cougars on lynx occupancy was surprising; previous research has found that cougars will kill smaller felids when they are sympatric (Koehler and Hornocker 1991) , could easily scare a lynx off a recent kill (Ruggiero et al. 1999) , and have been found to be a significant source of lynx mortality (Squires and Laurion 2000) . Lack of an interaction with lynx could be driven by lower cougar densities on our landscape, or be a methodological artifact of using cameras to assess interactions across a landscape that likely only encompassed a small number of cougar home ranges.
Single-species models reveal the difficulties lynx may face as the climate warms. Lynx responded positively to higher elevations in all seasons, northern aspects in summer and southern aspects in winter, and gentle slopes. These factors are tied to moisture retention, colder temperatures, and deeper snow, and have been found to be influential to habitat use by lynx in other studies (Koehler 1990; Koehler et al. 2007; Squires et al. 2010) . Although the interaction between season and slope and elevation was not strong, parameter estimates were in the direction expected based on previous work, with elevation being a stronger influence in summer and slope in winter (McKelvey et al. 2000b ). These same covariates, though in the opposite direction of influence, were important to habitat use by bobcats (Table 3) , and cougars displayed a marked negative response to elevation in winter. Interestingly, the vegetative model did not come out as important in our analysis for any of the 3 species, but the effect of the cover variables we used may have been much less important for landscape-scale distribution than the topographic variables that were strongly associated with both climate and distinct habitat types (e.g., subalpine fir) on our landscape. The single-species models and topographic patterns of use in snow-on and snow-off seasons do suggest that as climate change progresses, habitat available to lynx will be reduced to high-elevation enclaves with increasing encroachment from their potential competitors.
One caveat to our analysis is that placement of cameras along roads and trails meant that we may have been documenting more than one kind of "use" of the landscape, including territorial patrolling, movement from one foraging location to another, or active foraging along the trail. Because linear features like roads often serve as territorial markers and pathways for rapid movement of carnivores (Tucker et al. 2008) , placement of cameras along roads and trails may have been more likely to detect the former 2 types of use than the later. Given that the influence of environmental variables on use patterns of lynx that we found were consistent with other studies, we doubt placement of cameras along trails strongly biased our conclusions, and trail-based camera studies are often used to make inferences about habitat use and occupancy (e.g., Kelly and Holub 2008; Jenning et al. 2015; Lewis et al. 2015; Rich et al. 2017 ) as well as species interactions (Harmsen et al. 2008; Farris et al. 2017) . If placement of cameras along trails is indeed more likely to detect rapid or directed movement of carnivores from one location to the next rather than intensive foraging, such a design may be less likely to see evidence of fine-scale avoidance behavior and thus our multispecies models may have been conservative. In addition, placement of cameras was close enough that the same individuals could be observed at many points. We believe the observations represent independent choices about habitat use by animals given the distance and time needed to travel between locations. However, our results likely include repeated measures of animals and further work in other locations should validate whether patterns we observed hold for other populations.
Compelling evidence for temporal niche partitioning was not suggested during any season. We found high levels of activity overlap throughout the year (ranging from 78% to 86%). Moreover, all 3 species switched from strongly nocturnal activity patterns during the snow-off seasons to a more even pattern of activity throughout the entire day (e.g., smaller nighttime peaks), suggesting climatic and seasonal life history considerations were the main determinants of activity. Other studies of southern lynx populations indicate a seasonal shift to relatively more daytime, and in particular, late afternoon activity, during the snow-on season with substantial overlap with potential competitors (Kolbe and Squires 2007) .
Our results indicated that changing biotic interactions could impact cold-adapted species along their southern range edge. Of particular note, in the context of climate change, was that spatial overlap of lynx and potential competitors was more pronounced in snow-off seasons. This is a likely scenario for many cold-adapted species at their southern range edge that will be exposed to increasingly greater overlap with warm-adapted competitors as climate barriers are removed. Given that consumer-resource associations also were partly dependent on presence of snow on the landscape, we suggest that incorporation of consumer-resource and competitor interactions in predictive models of responses to climate change is essential to ensuring proper conservation strategies for sensitive cold-adapted species (e.g., Trainor et al. 2014) . In the specific case of lynx, developing detailed predictions of responses of hares to climate change and forestry practices that encourage robust snowshoe hare populations (Stenseth et al. 1997 ) will be highly beneficial to lynx at their southern range edge. Forestry practices also could be relevant to the ability of potential competitors of lynx to occupy high-elevation forested environments, given the relatively greater tolerance of many generalist competitors to habitat fragmentation (Buskirk et al. 2000) . Furthermore, the environmental associations we document suggest that protecting habitat in high-elevation environments that will be the most resistant to climate change and invasion by competitors, as well as paths of connectivity between high-elevation environments, may be important to persistence of lynx along their southern margin. High-resolution data on current and future characteristics of snow could help further refine distribution models for lynx, as well as predict changes in and consequences of interactions with other carnivores. Finally, we encourage more work to document the habitat and biotic associations in range-edge environments.
suppleMentary data
Supplementary data are available at Journal of Mammalogy online. Supplementary Data SD1.-Hourly accumulation curves showing that the asymptote of the number of the observations needed to represent activity in all hours was reached, indicating that we had sufficient data for the activity analysis. Supplementary Data SD2.-Model comparison for singlespecies detection models for Canada lynx, bobcat, and cougar. These models were fit holding occupancy constant (no covariates for occupancy included in the models). Best models for each species were then used in subsequent modeling efforts for the single and 2-species models. Supplementary Data SD3.-Overlap of daily activity patterns of Canada lynx with bobcat and cougar during snow-on and snow-off seasons. Overlap of the density functions of the 2 species are indicated by the gray shading. Note that there is substantial overlap between the species in both seasons, and that all species shift to more daytime activity in winter. 
